&mdash; Inbreeding coefficients of queens and workers of 5581 controlled mated colonies were estimated. During a period of over 30 years inbreeding increased by 0.15% in queens and 0.06% in workers per year. The highest inbreeding coefficients were 44% in individual queens and 45% in individual worker groups, respectively. Using partial regression, the importance and consequences of inbreeding on colony traits were ascertained. Inbreeding seems to affect the two castes differently. Colony performance with regard to honey and wax is significantly depressed (-6% and -8%, respectively, per 1 % inbreeding) by the inbreeding of the workers. In our material, inbreeding of queens did not affect colony efficiency except when workers were also inbred. Workers can compensate for inbreeding depression of queens, but the reverse is not true. Inbreeding of workers leads to calmer and less aggressive colony behaviour, whereas inbreeding of queens has the opposite effect. Swarming tendency increased with increased inbreeding of workers. In contrast, queens with moderate inbreeding have colonies with the highest swarming tendency. Honey production, calmness during examination and swarming tendency show significant interactions between the inbreeding level of queens and workers.
INTRODUCTION
Inbreeding is a powerful tool for creating genetic diversity but it depresses performance, particularly in components of reproductive fitness including fertility, viability and production traits (Dickerson, 1973) . In the honeybee inbreeding depression was found both in workers (Bruckner, 1975 (Bruckner, , 1980 Khischa, 1976;  Kepena, 1976) and in queens (Hoopingarner and Farrar, 1959; Khischa, 1976;  Moritz, 1982) for various traits. This explains the poorer efficiency (Plass, 1953; Cale and Gowen, 1956; Khischa, 1976) and altered colony behaviour (Plass, 1953) .
However, these experiments give no information about the relative importance of inbreeding in queen and workers to colony traits, which are assumed to be affected by both castes simultaneously (Chevalet and Cornuet, 1982) . In the present study a method is described for computing the inbreeding coefficients (F) in large sets of colonies with respect to characteristics in reproduction, under controlled mating conditions. Computing Ffor queens and workers of each colony and relating them to recorded colony traits permits the separation of inbreeding effects of the two castes.
MATERIALS AND METHODS
The study is based on data collected from approved beekeepers organized in two bee breeding societies in Lower Saxony (F.R.G.) and a bee breeding society in Hamburg (F.R.G.). In addition to the results from &dquo;stud-books&dquo; from beekeepers (n=96), the Research Institutes for Bee Breeding in Celle (Lower Saxony, F.R.G.), Kirchhain (Hessia, F.R.G.) and Lunz (Austria) provided data from their testing stations. The performance tests by beekeepers and the Bee Research Institutes were carried out in the same manner without essential modifications during the period analysed. The honey yield was taken as weight difference of combs before and after extracting honey plus an estimate of honey left in the broodnest. Wax production was estimated by the number of honey and/or drone combs times a factor between 0.06 and 0.07 (depending on comb size). Aggressiveness (defensive behaviour -from very gentle to vicious), calmness during examination (running of the bees during examination), spring development (time when the super had to be given to the colony) and swarming tendency (occurrence of swarming symptoms and reaction of the colony to means of preventing swarming) were scored subjectively. The scoring system ranged from 4 (very good) to 1 (very bad). Intermediate marks (for example, 2.5) were possible (Table I) .
For details of the performance test the reader is referred to the paper by Ruttner (1972) .
The organisation of the breeding scheme has been described by Tiesler (1988) . Only colonies (n = 5581) from controlled matings or artificial insemination were used in the analyses. The mating stations are located on islands along the North German coast. All are sufficiently far away from the mainland and from each other to maintain complete isolation from unwanted drones. At these &dquo;island mating stations&dquo; an average of 6 (varying from 4 to 10) colonies with sister queens (queens descended from one dam, who were also mated at an island mating station) provided the breeding drones.
Genetic relationship within and between colonies without Inbreeding
The genetic relationship (a) between two individuals can be calculated as follows (Maldoot, 1948) .
where <D = probability of identity of matemal genes in 2 animals; !' = probability of identity of paternal genes in 2 animals. Two randomly chosen females (queens or workers; because of the large number of workers per colony the genetic relationship between 2 worker offspring groups of different colonies is equivalent to the genetic relationship between 2 randomly chosen individual workers from these 2 colonies) from 1 colony have the same dam ( < 1 > = 0.5) but because of the multiple mating of their dam, possibly different paternal descent. Therefore at the island mating stations three values for < 1 > ' are possible. The probability (P i ) of the three possibilities depends on the number of drones per queen (D ) and the number of droneproducing queens (S) at the island mating stations.
Possibility 1: Descent from the same drone (= same gamete) Possibility 2: Descent from different drones of the same drones-producing queen (= different gametes of the same sire, Polhemus et al., 1950) Possibility 3: Descent from different drones, which come from different but related (a[s]) drone-producing queens
The average probability of identity of paternal genes ((D') gives The genetic relationship between the droneproducing queens is on average the same as the relationship to be estimated. In order to compute the average genetic relationship between two females from different colonies but identical paternal descent (a * ), possibility 1 (same drone) has to be excluded, because drones only mate once. Therefore 11>' results as follows Like (7) eq. (9) included only the variables D and S so (9) can also be expressed as a function of these variables.
Substitution of D = 8 (Laidlaw, 1974; Woyke, 1985) and S = 6 (notes from the bee breeding societies in Lower Saxony) in eqs. (9) and (10) gives Computation of the coefficients of inbreeding (t7 Heijden et al. (1977) and Dempfle (1987) de- rived efficient methods to compute the numerator relationship matrix (NRM) for large sets of animals For our purposes only the diagonal elements 1 + F i (Henderson, 1976) of the NRM have to be calculated. F i is the coefficient of inbreeding of animal i (queen or an &dquo;average worker&dquo;). The computing technique has been fully described by Bienefeld (1968a) . M is a triangular matrix containing only unity in the diagonal and, in the where F s and F D are the coefficients of inbreeding of the parents, which have to be calculated (and stored) first.
This method does not fit the characteristics of reproduction of the honey bee, because the paternal descent cannot be ascribed to a single diploid sire, but only to a mixture of gametes from related sires (sister queens). That means that the theoretical covariance (a) between related individuals is changed compared to normal diploids. Considering eqs. (11) and (12), the following values can be derived.
Considering these deviations in the corresponding off-diagonal elements in D correct computation of the coefficient of inbreeding in the honey bee is possible. However, the accuracy of the computation of the genetic relationship and the coefficient of inbreeding depends on the agreement between assumptions (D=8 and S=6 respectively) and reality. But variation of these variables in a realistic range (S from 4 to 9 and D from 5 to 11) does not result in any serious deviation from the standard situation (Bienefeld, 1988a) .
The method is also suitable for large sets of colonies, but the dimension of the matrices is twice the number of colonies because the inbreeding coefficient of the queen and the &dquo;average worker&dquo; of each colony has to be computed.
Inbreeding effects
The The inbreeding levels were divided as follows :
Some beekeepers run the performance testing at different locations within a year. The individual locations within a year and a beekeeper were neglected because colonies sharing the same location also had similar levels of inbreeding. By including the specific location in the model part of the inbreeding, effects are confounded with location effects, causing an underestimate of the inbreeding effects. The results with and without considering the location are quite similar, differing only in the level of significance (Bienefeld, 1988a) .
The subjectively judged behaviour and development traits were not normally distributed. For that reason calculation for these variables was done with e!va&dquo;abiej transformed values. Figure 1 presents the development of average inbreeding in both castes. The yearly increase of an average of 0.15% in queens and of 0.06% in workers is not linear, but is characterized by ups and downs of the level of inbreeding. The level, never exceed-ing 5%, is relatively low. The highest individual inbreeding coefficient was 44% in queens and 45% in workers.
RESULTS
All colony traits recorded in Table II are significantly influenced by the year and by the beekeeper. Honey and wax production of a colony is significantly reduced by inbreeding of the worker (140 g honey/ percent inbreeding, 7 g wax/percent inbreeding), whereas the inbreeding of the queen does not influence these colony traits (Table II) .
Inbred workers are significantly less agressive and show more calmness during examination. Inbreeding of the queen has a significant effect on calmness during examination, but in the opposite direction. Spring development is not significantly influenced by inbreeding of the two castes.
Swarming tendency increases (a negative sign indicates a poorer classification, i.e. greater swarming tendency) significantly in workers as a result of inbreeding (Table 11).
Honey production, calmness during examination and swarming tendency show significant interactions between the inbreeding levels of queen and workers (Table III). By considering this interaction in the model, the inbreeding effect of queens on honey production and swarming tendency also becomes significant. As shown in Fig. 2 for honey production, the impact of inbreeding of queens is most conspicuous when the workers of a colony are also highly inbred. The LSQ-means ( Figs. 3  and 4 ) of the other colony traits show no clear tendency. For calmness during ex-amination, the means indicate (as in Table  II ) opposite inbreeding effects of queen and workers.
For swarming tendency, a medium inbreeding level of the queen is poorest, whereas the swarming tendency in workers increases more or less with increasing inbreeding level.
DISCUSSION
Both the development of inbreeding, as given in Fig. 1, and . In addition to imports of foreign queens, the beekeepers tried to limit inbreeding depression by &dquo;intra-family selec-tion&dquo; and by occasionally sending virgin queens to island mating stations with nonrelated (with respect to the young queens) drone-producing queens (Bienefeld, 1988b) .
The justifications for these breeding strategies are shown in Table II and Fig. 2 . Inbred colonies produce less honey and wax, but it is important to note that this loss of efficiency is mainly caused by inbreeding of the workers. This influences the colony performance in two ways. First by less efficient (Bruckner, 1975 (Bruckner, , 1980 and morphologically handicapped workers (Khischa, 1976; Roberts, 1961) ; secondly by the mode of sex determination. The higher the level of inbreeding the higher the probability of homozygosity at the sex locus, which causes brood losses (Woyke, 1963) .
Similar to our results, Plass (1953) found that colonies in which inbred queens headed non-inbred workers were comparable to normal colonies with respect to brood rearing. Inbreeding depression was only observed in the reverse situation (inbred workers, non-inbred queens). Surprisingly, the inbreeding of queens does not affect honey performance. Khischa (1976) reported fewer and lighter ovarioles in inbred queens, which may reduce their laying capacity. Cale and Gowen (1956) observed poorer honey production of colonies with inbred, but freely mated, queens (so workers were heterozygotes).
But contrary to our situation, Cale and Gowen tested very highly inbred queens (F = 55%-66%) under about 5 times more favourable honey flow conditions. Under this situation the laying capacity of queens can be a limiting factor. Under unstable honeyflow conditions and a moderate inbreeding level of queens, non-inbred workers can compensate inbreeding depression of their dam, but queens cannot compensate inbreeding of their workers. Inbreeding of queens only leads to a reduction of performance if the workers of their colony are also inbred (Fig. 2) . Plass (1953) reported decreasing aggressiveness in inbred colonies. We found this tendency (lower aggressiveness, more calmness during examinations) only due to inbreeding of workers. The effect of inbreeding in queens was the reverse. Moritz (1986) observed a depression in physiological and metabolic reactions in inbred workers. Collins et aL (1987) reported, by comparing European and Africanized geographical types of honey bees, genetic differences with respect to defensive behaviour. They speculated that the different behaviour is caused by a greater responsiveness to alarm pheromones. If the threshold of response to the alarm pheromones is determined genetically, this threshold may be sensitive to inbreeding.
Queen pheromones are known to stabilize behaviour in honey bee colonies (Velthuis, 1977; Crewe, 1982) . Hoffmann (1961) found queenless colonies more restless and aggressive. It is likely that, in addition to morphological defects (Hoopingarner and Farrar, 1959; Khischa, 1976) , the pheromone output of inbred queens is reduced, causing a more irritable behaviour of their workers. Plass (1953) reported a lower swarming tendency but a considerably higher frequency of supersedure in his highly inbred colonies. Contrary to this findings, we found an increasing swarming tendency due to inbreeding of workers. Considering the interaction between inbreeding level of queen and workers in the evaluation (Table II), also a significiant queen effect was found. It has to be stressed that the individual columns in Figs. 2, 3 and 4 are based on different numbers of observations, which may give the impression of dissimilarities between the general tendency presented in Table II and the graphical presentation of special combinations of (particularly in the case of high) inbreeding level of queen and workers. This applies especially to the trait &dquo;swarming tendency&dquo; (Fig. 4 ) computed from a reduced data set only (Table I) .
However, Fig. 4 indicates that the relationship between the level of inbreeding and swarming tendency is not linear, since the highest swarming tendency (lowest LSQ-means) occurs at medium (6.25%&mdash; 12.5%) inbreeding of queens. Simpson (1958) suggested that swarming as well as supersedure is caused by a queen substance deficiency. Allen (1965) found weather and age of the queen influenced the production of queen cells and some evidence that older queens were more likely to be replaced than younger ones.
If the assumption of a relationship between inbreeding of queens and their pheromone production is correct, the differences between our results and the findings of Plass (1953) are reconcilable. Highly inbred queens (assumed to have very low pheromone production&mdash;like old queens) may entail supersedure, while a medium level of inbreeding (only reduced pheromone production) may promote swarming of the colony. Supersedure, discernible by extensive number of queen cells (Allen, 1965) , is considered as a sign of little swarming tendency (Zander and B6ttcher, 1979) . This may explain the more favourable swarming tendency of colonies with highly inbred queens and the concomitant failure of the partial regression of swarming tendency of the colony on queen's inbreeding to reach significance (Table II) .
The increased swarming tendency of inbred workers is unexpected, because of the reduced vitality (Bruckner, 1975) and (due to the mode of sex determination) smaller colony size. Insufficient hive space has usually been assumed to be a further cause of swarming (Simpson and Riedel, 1963) . Not only did the absolute colony size affect swarming behaviour, but also worker concentration per unit (Free, 1968 ). Free (1968) found a dense worker concentration on the broodnest in small colonies and, possibly as a consequence of this, a tendency to swarm. 
